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Abstract 
The effect of condensate retention on the air-side heat transfer and pressure drop performance of 
automotive evaporator coils was studied. Experiments under wet and dry conditions were conducted using offset-
strip and louver-fin heat exchangers. Condensate retention and thermal-hydraulic data were collected at steady-state 
to quantitatively determine how condensate accumulates and affects the heat exchanger surface. The amount of 
condensate retention and the thermal hydraulic performance were found to depend on fm pitch, louver pitch, louver 
width, fin width and contact angles. 
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Chapter 1: Introduction and Literature Review 
1.1 Introduction 
Air-conditioning systems have four major components, a compressor, evaporator, expansion valve and a 
condenser, and refrigerant is circulated through the system. The evaporator surface temperature is usually below the 
dew point of the air, leading to water condensing on the surface of the evaporator. The condensate is retained on the 
surface until it is removed by a combination of gravity, surface tension and flow forces. Retained condensate can 
play an important role in the performance of the heat exchanger. Not only does the retention affect thermal and 
pressure-drop performance, the amount of water retained can affect air quality. With warm temperatures and 
stagnant air-flow, biological growth can occur to foul the evaporator as well as the air flow. 
The focus of this project was on the effects of condensate on air-side heat transfer with highly interrupted 
surfaces. The goals were to study the role of fin geometry on retained condensate and its impact on thermal-
hydraulic performance of evaporators. A wind tunnel was designed and constructed to record the wet and dry 
thermal and pressure drop performance of specific evaporators. The experiments included measurements of steady 
state condensate retention. 
1.2 Literature Review 
The specimen heat exchangers had a flat tube, brazed-plate construction typical to contemporary automotive 
air-conditioning systems. Prior work at the University of Illinois has focused on heat exchangers with round tubes. 
The experimental research of this project was undertaken to determine the condensate retention behavior for flat 
tube, brazed-plate compact heat exchangers. The review presented here consists of discussions of previous work 
done with flat plates, finned-tube coils with plain and enhanced fms, and work on automotive-style evaporators 
including condensate retention. 
1.2.1 Early Studies 
Bettanini (1970) reported an increase in sensible performance under condensing conditions. He performed 
heat and mass transfer experiments with water and air on a vertical plate. He hypothesized the increase in sensible 
performance was due to the surface roughness caused by the condensation. Bettanini conducted two types of 
experiments. First, a vertical surface was sprayed with soap and water to create a fIlm-like water surface during 
condensation, and heat transfer measurements were recorded until drop-wise condensation was observed. As the 
condensate became more drop-wise, increasing the surface roughness, the heat transfer coefficient increased by 
approximately 20%. The second set of experiments was conducted with gypsum chips. The chips simulated water 
drops on the surface, and caused approximately a 10% increase in heat transfer coefficient. Although the test results 
show the significance of the surface roughness, the experiment was very simple and it is not certain whether these 
results apply to more complicated heat exchangers and air flows. 
Yoshii et al. (1973) studied the pressure drop and heat transfer performance ofwavy-fmned heat 
exchangers with dropwise condensation. The condensation resulted in a pressure-drop increase of 50%-1 00% over 
dry-surface conditions. In order to further study this effect, Y oshii and coworkers constructed scale models of the 
heat exchanger and simulated condensate dye-in-water flow visualization. Yoshii and coworkers reported different 
flow dynamics when the simulated condensate was placed in different locations. Drops on the fin surface promoted 
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turbulence when droplets adhered to the ridge or valley of the wavy fm. A strong vortex is generated by these 
droplets. Flow separation occurred when the droplet adhered to the area between the ridge and the valley. The tube 
, 
wake region also was influenced by droplet location. Droplets downstream of the tube affect the flow into the tube 
wake and tend to reduce the size of the wake region. Yoshii and coworkers concluded the overall impact on 
condensate is dependent upon the location and shape of the droplets. 
For developing flow between horizontal flat plates under wet surface conditions, Guillory and McQuiston 
(1973) and McQuiston (1976) found heat transfer enhancements of 30%. In agreement with Bettanini, they argued 
that condensate increases surface roughness, causing an increase in heat transfer and pressure drop. Tree and Helmer 
(1976) also studied the parallel-plate heat exchanger under wet conditions. They found heat transfer and pressure 
drop were not affected in the laminar regime, but an effect was noted in the turbulent regime. Myers (1967), 
Elmahdy (1975), and Ekels and Rabas (1987) all report an increase in sensible heat transfer under wet conditions for 
plain-fm-and-tube geometries. 
For circular-finned tubes, Jacobi and Goldschmidt (1990) found heat transfer enhancement to be influenced 
by Reynolds numbers. A heat transfer decrease was recorded at low Reynolds numbers but an increase was found at 
high Reynolds numbers. They hypothesized that their results were due to condensate retention. Water was retained 
at lower Reynolds numbers degrading the performance while at high Reynolds numbers, vapor shear removed the 
condensate and the surface roughness effect increased heat transfer. Uvand Sonju (1992).confirmed this fmding. 
Another potentially important issue in wet-surface performance is the effect of spatial variations of the heat 
transfer coefficient on fin efficiency. Spatial variations can sometimes affect the fin efficiency (Huang and Shah, 
1991; and Kearney and Jacobi, 1996) and this effect could be important for a wet fin. Hu et al. (1994) obtained 
detailed local heat transfer measurements with simulated condensate for circular-fin geometry and concluded that for 
circular fins the effect on fin efficiency is small. However, they also noted that retained condensate can increase the 
average sensible heat transfer coefficient by 30% at high Reynolds numbers. 
Hong (1996) studied the use of hydrophilic coatings to decrease the pressure drop by increasing surface 
wettability. He studied wavy, lanced, arid louvered fins and observed that with a fixed face velocity of2.5 mis, the 
ratio of wet-to-dry pressure drop was 1.2 for each tested geometry. A model was developed to predict the carry-over 
velocity, and it was compared to experimental data. The carry-over velocity is dependent on surface tension forces, 
but Hong used contact angle data from a static-drop goniometer test and did not obtain a measure of contact angle 
hysteresis. This omission is important because hysteresis, the difference between the advancing and receding angle, 
is key to the surface-tension forces necessary for a droplet to adhere to a flat plate. Hong also observed that after 
approximately 1,000 wetting cycles the coated and uncoated test surfaces have similar contact angles of 
approximately 60 degrees. 
Korte and Jacobi (1997, 2001) studied the effects of condensation on the air-side heat transfer forplain-fin-
and-tube heat exchangers. Experiments were conducted under both dry and wet conditions. Heat transfer 
performance under condensing conditions was observed to depend on fin spacing. When comparing 6.35 nun fin 
pitch to 3.18 nun fin pitch, the lager fin pitch exhibited an enhancement in heat transfer under wet conditions but the 
smaller fm pitch did not. The friction factor is also dependent on fin spacing. For a fm spacing of 6.35 nun, the 
friction factor was insensitive to wet or dry conditions, but for the 3.18 nun fin pitch there was significant increase in 
2 
friction factor under wet conditions. As the air-flow increased, less condensate was retained and the increase in 
friction factor was not as large as at the lower velocities. 
Wang et al. (1997) studied the performance of plain finned-tube heat exchangers under wet conditions. 
They investigated the effects offm spacing, number of rows, and inlet conditions. Nine plain-fin-and-tube heat 
exchangers were tested. The fm spacing ranged from 1.82 mm to 3.2 nun, and the number of tube rows varied at 2, 
4, and 6. At a relative hwnidity of 50% and 90%, Wang and coworkers measured the heat transfer and pressure drop 
performance. Under wet conditions, the friction factor was usually 6()01c! to 120% higher than the dry condition and 
insensitive to variations to air hwnidity, fin spacing, and number of tube rows. Under wet conditions, the sensible 
heat transfer decreased relative to dry conditions at low Reynolds numbers. At higher Reynolds numbers, there was 
a slight increase in heat transfer performance, but this effect was diminished for heat exchangers with a large number 
of tube rows. 
Ha et al. (1999) used variable wettability coatings and studied the hydraulic performance of wet fm-and-
tube heat exchangers. They obtained contact angle measurements to characterize the surfaces and found that for all 
surfaces the pressure drop increased when the surfaces were wet. The greater the contact angles for the surfaces, the 
greater the increase in pressure drop. Ha also performed dynamic testing of water condensation of the heat 
exchangers. He used a force sensor to determine the amount of water condensing on the heat exchanger. He 
determined that good wettability surfaces need less time to reach a steady state value than a poor wettability surface. 
The conclusion of their research was that surfaces with a smaller contact angles would require less time to reach 
steady state. 
Yin and Jacobi (1999) used plain-fin and wavy-louvered fm heat exchangers to study the effect of 
condensate retention on thermal performance. The heat exchangers were exposed to air frontal velocities between 
0.8 mls and 2.0 mls. They observed that the mass of retained condensate was independent of face velocity in this 
range, but dependent upon fm geometry and contact angles. The wavy-louver heat exchanger exhibited greater 
amounts of retained condensate. For wet surface conditions, the wet Colburnj factor decreases as fm spacing 
decreases. The results are consistent with the greater amounts of water being retained at the smaller fin spacing. 
Under dry conditions, the wavy-louver geometry had a higher j factor relative to the plain fin, but the performance 
enhancements were negated under wet conditions. Kim and Jacobi (1999) reported a decrease in heat transfer 
performance when comparing wet conditions to dry conditions for slit fm heat exchangers. These studies by Yin, 
Kim, and Jacobi report that pressure drop increased under wet conditions due to condensate blocking air flow in the 
fms as well as in the louver and slit fins. Heat transfer performance also decreased under wet conditions due to the 
condensate blocking air flow of the louvers or slits. 
1.2.2 Automotive Evaporator Condensate Drainage and Thermal Performance 
There have been very few publications addressing condensate retention and drainage on automotive-style 
evaporators, but there have been a few publications reporting heat transfer performance. Wang et al. (1994) 
observed air-side heat transfer coefficients to increase under wet conditions. They concluded that the water droplets 
increased the fm surface roughness to help enhance the heat transfer. Osada et al. (1999) used single a single row of 
multi-louvered fin from a flat tube evaporator for heat transfer and visualization experiments. They investigated the 
surface wettability, louver geometry, and inclination angle for their effects on condensate drainage. They reported 
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that the fin characteristics near the air-flow exit influenced the condensate drainage behavior. Water is driven to this 
region by the airflow and it accumulates there until gravity can drain it. The louver cut length affects the water 
drainage. As the louver cut length increases the amount of water retained is decreased. 
McLaughlin and Webb (2000a) used a single row of multi-louvered fin in a table-top test cell to study the 
impact of fin geometry on drainage characteristics and retention. They used this approach of a single row specimen 
and argued that the results are representative of a full-scale heat exchanger. The tests that were performed had an 
air-flow of 2.5 mls with an entering relative humidity greater than 95%. The tube-side cooling was provided by cold 
water circulated through a tube brazed to one side of the fin. The other side of the fin allowed optical access. This 
experimental setup did not reproduce the thermal boundary conditions of the application and it affected the surface 
tension of the retained condensate with the fm-glass interface as noted by McLaughin and Webb. They reported that 
the most critical dimension for condensate retention was the louver pitch. They suggested that a critical louver pitch 
existed between 1.1 mm and 1.3 mm for a louver angle of 30°, at which the retained condensate increased by 26%. 
Under similar physical parameters and wet conditions, the air-side heat transfer coefficient decreased up to 40% for 
the 1.1 mm louver pitch. With the louver pitch at 1.33 nun, there was no significant change. They concluded thatthe 
bridging between the louvers and fins was the reason why the amount retention increased and heat transfer 
decreased. 
1.3 Objectives 
The objectives of this project are to determine the effects of condensation on heat exchangers used in 
automotive air conditioning systems. Research up to this point has been directed to understanding how air-side 
condensation affects the heat transfer performance for different types of heat exchangers. Condensate behavior for 
compact heat exchangers is not well understood. Air side heat transfer performance of offset-strip and louvered-fin 
heat exchangers will be determined under dry and condensing conditions. Experiments will be conducted to obtain 
sensible heat transfer, condensate retention, and pressure drop data to help understand the effects of condensate on 
heat exchanger performance. Comparisons and conclusions will be drawn from data obtained using varying 
geometrical configurations and operating conditions. 
4 
Chapter 2: Experimental Apparatus and Methods 
A closed wind tunnel was used to test heat exchangers. Wet and dry heat transfer and condensate retention 
experiments were performed. This chapter describes the experimental apparatus, instruments used, experimental 
procedure and heat exchangers tested for this research. 
2.1 Experimental Apparatus 
A closed-loop system was used to conduct experiments. Within the test section, the heat exchangers were 
exposed to a horizontal flow of moist air. A coolant loop was used to circulate a single-phase fluid within the tubes 
of the test specimen. 
The wind tunnel is shown schematically in Figure 2.1. This apparatus allows measurements of heat transfer 
as well as retained condensate for various types of heat exchanger geometries. For the current experiments the 
specimens were tested at air flow rates, temperatures, and relative humidities typical to mobile applications. Up to 
7.5 kW of total power could be supplied to the airflow using electrical heaters. The heaters were installed in two 
banks: one upstream and one downstream of the axial fan. A Type-K thermocouple downstream of the main 
contraction provided feedback to the heater controls. The air temperature was measured with evenly spaced Type-T 
thermocouples upstream and downstream of the test section. The upstream thermocouple grid was located about 200 
mm upstream of the test specimen, it had six evenly spaced thermocouples. The thermocouples nodes were located 
in the center point of six equal-area zones with three zones horizontally and two zones vertically. The downstream 
thermocouple grid was located about 225 mm from the specimen, and it had twelve evenly spaced thermocouples. 
The thermocouple nodes were located in the center point of the twelve zones with four zones horizontally and three 
zones vertically. Each thermocouple was individually referenced to a thermocouple in an ice bath and calibrated to a 
NIST traceable mercury-in-glass thermometer using a thermostatic bath. The air inlet temperature had an uncertainty 
of±O.2°C (See Appendix B). The inlet air temperature profile was flat within ±OSC of the average inlet 
temperature. The air exit temperature had an uncertainty of±O.2°C was flat within ±1.0°C of the average exit 
temperature. Calibration was based on a fifth-order polynomial for each thermocouple. Chilled mirror hygrometers 
were used to measure the dewpoint of the air and they had a measurement uncertainty of ±0.2°C based upon 
manufacture specifications. Steam was injected into the wind tunnel upstream of the axial fan. The fan helped mix 
the air flow. The inlet dewpoint measurement was used with a PID controller to maintain the desired inlet air 
humidity. The axial fan provided volumetric flow rates up to 8.55 m3/min (a face velocity up to 4 mls.). Upstream of 
the test section, air was drawn from a thermal mixing chamber. The air traveled through a set of screens, honeycomb 
flow straightners and finally a 9: I contraction to achieve laminar flow for the test section. 
For wet heat exchanger experiments, the modular test section shown in Figure 2.2 was used. The acrylic 
frame was interchangeable to allow for the varying dimensions of the test specimens. The acrylic frame was 
adjustable for three different face areas of 46,200 mm2, 47,300 mm2, and 61,900 mm2• In order to further assist with 
heat exchanger testing, small contractions were added up and downstream of the test coil to provide a perfect match 
between the heat exchanger face area and the test section cross section. These contractions were constructed of 
Styrofoam™ covered with aluminum tape and were attached to the wind tunnel walls with adhesive tape. The test 
section was insulated with 1.27 em thick foam to reduce the conductive losses. The foam conductivity was 0.15 
5 
W/mK. as stated by the manufacturer. Considering convection and conduction resistance, the approximate heat loss 
in the test section was estimated to be less than 25 W. Pressure taps were located on the top and bottom both 
upstream and downstream of the test section. The pressure taps measured the pressure drop across the heat 
exchanger. The pressure taps are located approximately three inches upstream and downstream of the heat 
exchanger. The air-side pressure drop across the heat exchanger is measured with an electronic manometer having an 
uncertainty of±0.124 Pa. The test section face velocities were measured with a constant temperature thermal 
anemometer with a calibrated uncertainty of ±0.05 mls. The face velocity was taken as the average of twelve 
measurements. There were four equally spaced measurements of across at 6.5 cm intervals as seen in Figure 2.3. 
The velocity measurements had a profile flat within ±11 % at 1.2 mls while the profile was flat within ±8% at 2.3 mls. 
The turbulence intensity measurements were obtained using a hot wire anemometer at the velocity measurement 
locations. The measurements were made at three locations and except for the wake regions behind the 
thermocouples, the turbulence intensity was less than 2.5%. 
A single-phase ethylene glycol (DOWTHERM 4000) and water mixture was used for the tubeside flow in 
the heat exchanger. Over the course of this project, three different concentrations of ethylene glycol were used: 
32.6%, 40.0%, and 50.0%. A NIST traceable hydrometer was used to measure and maintain the specific gravity of 
the mixture. The mixture properties were obtained by interpolation into manufacturer-provided tables. The coolant 
temperature was measured by Type-T immersion thermocouples located approximately two meters up and 
downstream of the heat exchanger. All of the tubing was insulated with 9.5mm polyethylene foam insulation with a 
foam conductivity of 0.09 W/mK. as stated by the manufacturer. The heat losses in the coolant lines were estimated 
to be less than 50 W. The thermocouples were individually referenced to a thermocouple in an icebath. A chiller 
maintained the set coolant temperature. The coolant flow was circulated through copper tubing by an integral 
centrifugal, re-circulation pump and a rotary gear pump driven by a two horsepower motor. The heat exchanger was 
connected to the copper pipes via flexible, reinforced PVC tubing. An inverter varied the drive motor speed which 
controls the coolant flow rate. This approach allowed for repeatable flow conditions as well as greater flexibility of 
testing parameters. The coolant flow rate was measured using an oscillating piston type flow meter rate with an 
uncertainty of±1.0%. The transmitter on the flow meter provided a 1-5V pulse proportional to the volumetric flow. 
A Phillips programmable timer/counter counted the number of pulse over a certain time cycle to display the flow of 
the coolant. 
The data acquisition system used a personal computer and control unit. Data were sampled over 23 
channels which included inlet air temperatures, outlet air temperatures, inlet and outlet coolant temperatures and 
relative humidity up and downstream of the test section. The channel outputs were read twice per second and 
averaged over 11 measurements. Data were recorded to a text file every 45 seconds. Barometric pressure was 
measured before experiments with an uncertainty of ±0.09 mm Hg. 
2.2 Experimental Conditions and Procedures 
Experiments were conducted over a range of conditions to study heat transfer, air-side pressure drop, and 
condensate retention. The inlet air velocity into the test section ranged from 1.0 mls to 3.0 mls for wet and dry 
pressure drop testing. Wet and dry heat transfer and condensate retention tests had inlet air velocity ranging between 
6 
1.0 mls to 2.2 mls. These inlet conditions were chosen to cover the operating conditions used in application. Dry 
conditions were verified by comparing the inlet to outlet dewpoints. Dry experiments were achieved by setting the 
inlet coolant temperature above the inlet dew point of the air. Steady state conditions were determined by the inlet 
and outlet conditions of the system The air temperatures could not vary by more than ±l°C and the coolant 
temperature could not vary more than ±0.2°C for five minutes. The system typically took 30-45 minutes to achieve 
steady state. 
Wet experiments employed a variety of test conditions to ensure condensation occurred. Typically, the inlet 
dewpoint was set at 22°C, inlet air temperature at 33°C and inlet coolant temperature to about 3°C. The operating 
conditions were set so the outlet coolant temperature was below the outlet dew point to ensure that the coil was 
everywhere below the local dewpoint. Further verifications could be made during data reduction. Calculating the 
surface temperature distributions verify whether the fin is wet or dry. When the entire surface of the fin is below the 
dew point of the air, then the heat exchanger is fully wet. Criteria for steady state under wet conditions were 
identical to dry conditions: The air temperature could not vary by more than ±I °C and the coolant temperature could 
not vary more than ±0.2°C for both inlet and outlet conditions for five minutes. Under condensing conditions, 
sufficient time was allowed for the condensate on the heat exchanger to reach steady state. The experiment was 
conducted with 60 minutes of steady state before the data were recorded. After steady state conditions were met, the 
heat exchanger was removed from the test section and disconnected from the coolant lines. Quick release couplings 
with automatic valves isolated the heat exchanger. The heat exchanger was weighed and the mass was recorded. 
The heat exchanger was then allowed to dry and then weighed again to determine the amount of condensate on the 
heat exchanger. The calibrated electronic balance had a readability of 0.1 g, but an uncertainty of ±5% was assigned 
on the basis of the discussion given in Appendix B. 
2.3 Heat Exchanger Specifications 
The tested heat exchangers had highly interrupted surfaces oflouver fins or offset strip fins. For all the heat 
exchangers the heat transfer performance under wet and dry conditions as well as retained condensate was measured. 
By obtaining the heat exchanger dimensions as well as performance data, conclusions can be drawn on the 
effectiveness of the geometries employed. Heat exchanger specifications are noted in Table 2.1 and Figures 2.4 -
2.7. 
2.4 Contact Angle Measurements 
Digital photography and image analysis software were used to determine the advancing and receding 
contact angles for the fin specimen. A syringe of distilled water was located above the fin sample. Using a CCD 
camera, a video clip was recorded while water was added and removed from the surface. The camera used a 1-6.5 
zoom lens with a light illuminating the specimen perpendicular to the syringe. After the video was recorded, 
individual frames were selected to determine the respective advancing and receding contact angle. The values were 
measured four times and averaged. The recorded values had a standard deviation of 4.2° and 2.4° for advancing and 
receding angles respectively. The test set-up is shown schematically in Figure 2.8. The advancing contact angle is 
the angle between the substrate and water the moment before the droplet contact line moves as water is added. 
Alternatively, the receding contact angle is the angle just before the droplet contact line moves as water is removed. 
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Figure 2.1 Horizontal flow wind tunnel. (A) 36-cm diameter round sheet metal duct. (B) Thermal mixing 
chamber. (C) Screens and honeycomb flow straighteners. (D) 9:1 contraction. (E) Test heat exchanger. (F) Inlet! 
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Figure 2.2 Test Section for Wet and Dry Runs. (A) Pressure taps (top and bottom). (B) Chilled mirror 
hygrometer sensors. (C) Insulated clear acrylic. (D) Drainage tray. (E) Thermocouple grid (inlet and outlet). 
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Figure 2.8 Contact angle measurement apparatus. 
Table 2.1 Tested Coil Descriptions 
Fs 
1.95 
1.81 
1.69 
2.11 
2.11 
1.81 
1.81 
1.81 
1.81 
1.81 
1.81 
Offset H Dhx Fw 3 
Coil 1 258 207 92 8.0 0.11 
Coil 2 286 210 58 10.0 0.11 
Coil 3 248 191 79 9.8 0.10 
Louver 
Coil 4 287 203 75 9.0 0.08 
Coil 5 206 235 83 11.5 0.13 
Coil 6 240 206 72 10.0 0.09 
Coil 7 287 203 58 8.0 0.10 
Coil 8 224 213 73 9.0 0.13 
Coil 9 229 184 92 9.8 0.15 
Coil 10 217 186 92 9.0 0.10 
Coil 11 260 178 64 8.0 0.09 
All dimenSions In mm except contact angles In 
degrees. 
Specimen 
FI a 
2.57 
-
1.19 
-
1.27 -
1.03 30 
1.33 16 
1.12 20 
1.12 20 
1.94 12 
1.54 14 
2.66 17 
0.95 17 
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Syringe 
\ 
FIw Fat 8A OR 8M 
6.35 0.79 65 38 52 
8.33 0.60 46 30 38 
6.35 0.85 48 31 40 
6.15 
-
82 25 54 
7.93 
-
76 44 60 
6.74 
-
110 48 79 
6.35 
-
64 44 54 
6.35 
-
79 18 49 
7.54 
-
86 45 66 
6.35 
-
60 34 47 
5.75 
- 83 25 54 
Chapter 3: Experimental Results and Dis~ussion 
3.1 Steady-State Condensate Retention 
Steady-state condensate retention results are shown in Figures 3.1 and 3.2. Experiments were performed on 
all the heat exchangers. Coils 1-3 (Figures 3.1) were offset strip heat exchangers. The data show that Coil 2 retains 
the least condensate per area total and Coil 1 and Coil 3 have very similar retention characteristics. Although the 
heat exchangers had a different fm pitch, it may be that louver length is most important, as Coil 2 differs significantly 
from 1 and 3 in this dimension. Osada et al. (1999) studied the importance oflouver cut length to promoting the 
draining of heat exchangers. The data of Figure 3.1 support the work of Os ada and co-workers, who claimed that 
increasing louver length promoted condensate drainage. 
Coils 4-11 were louver fin heat exchangers, and retention results for these specimens are provided in Figure 
3.2. The heat exchangers use widely varying geometry. However, using Osada's findings as a guide, it is interesting 
to contrast the behavior of Coils 6 and 7 as well as Coils 10 and 11. Coil 6 and 7 shared similar louver angles of 20 
degrees, louver pitch of 1.12 mm, and a fin pitch of 1.81mm. Coil 6 had a louver length to fin width ratio of 0.674 
and Coil 7 was at 0.793. When comparing the data of Coils 6 and 7 alone (see Figure 3.3) the results again support 
Osada's generalization, with Coil 7 holding significantly less condensate than Coil 6. 
Comparing Coil 10 to 11 helps to show the effect oflouver pitch. They both have similar louver length to 
fin width ratios of 0.705 to 0.718 respectively as well as the same louver angle of 17 degrees and a fin pitch of 1.81 
mm. The major difference is Coil 10 has a louver pitch of 2.66 mm. and Coil 11 has a louver pitch of 0.95 mm. As 
shown on Figure 3.4, Coil 10 retained less water than Coil 11. 
The contact angles are important to the amount of condensate retained. Bridging occurs when droplets 
coalesce together and fill spaces between adjacent louvers or fins. The bridging will increase the amount of water 
retained by the heat exchanger. Shedding occurs when the droplet cannot maintain static equilibrium. A low contact 
angle increases the shedding rate, allowing water to leave the fin surface. Comparing Coils 6 to 7 helps to show the 
effect of advancing and receding contact angle measurements. Coil 7 has a DUlch lower advancing and receding 
measurement than Coil 6. Because of the geometrical limitations of these specimens, it is impossible to distinguish 
these contact-angle effects from geometrical effects. 
Another geometric comparison that can be made is the fm pitch. As the fins get closer together, more inter-
fin bridging can occur. If fin bridging occurs, it blocks the flow of the air through the heat exchanger. If air speeds 
are not high enough to remove the liquid bridges, the heat exchanger retains more water. Yin and Jacobi (1999) and 
Kim and Jacobi (1999) both reported that as fin spacing decreased, the mass of condensate per area increased due to 
the fm bridging that occurred for plain fin, wavy-louver and slit fin heat exchangers. Comparing Coils 4 and 5 with a 
fin pitch of 2.11 mm to Coils 6-11 of 1.81 mm fin pitch, Coils 4 and 5 retain more mass of condensate per area than 
the other coils, in agreement with the findings of Yin and Jacobi and Kim and Jacobi. 
The steady state retention of the heat exchangers was dependent upon the geometry of the heat exchangers. 
Some of the more important factors were fin pitch, louver length, and contact angles. 
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3.2 Air-5ide Heat Transfer Results 
In order to understand how condensate retention affects air-side heat transfer performance, sensible air-side 
heat transfer coefficients were determined for both dry and wet conditions. The results were contrasted to determine 
the effects of condensate retention. The data reduction procedure used a combination of FORTRAN and Engineering 
Equation Solver (EES) routines. Details of the data reduction procedure are discussed in Appendix A. Figures 3.5 -
3.10 show the energy balances for the respective heat exchangers for dry and wet conditions. For 90% of the 
experiments, an energy discrepancy of less than 10% was achieved. 
Dimensional plots of dry and wet heat transfer coefficient versus face velocity for the tested heat exchangers 
are shown in Figures 3.11- 3.21. The offset strip heat exchangers (Coils 1-3) are shown in Figures 3.11 - 3.13. 
When comparing the dry air side heat transfer coefficient, the smaller the fin pitch, the lower the air side heat transfer 
coefficient. Coil 1 (1.95 mm fin pitch) has a higher dry air side heat transfer coefficient than Coil 3 (1.69 mm fm 
pitch) by approximately 25%. Coil 1 had a higher wet heat transfer coefficient than Coil 3 by approximately 40%. 
The differences can be attributed to the amount of water that is retained by the heat exchanger. Coil 3 has the 
highest condensate per area total of the three offset strip heat exchangers. With water blocking slits as well as the 
fins, this reduces the fin enhancements of the heat exchanger. When the enhancements disappear, the air side heat 
transfer coefficient decreases as shown in the respective plots. 
The louvered heat transfer coefficient for dry and wet conditions are shown in Figures 3.14 through 3.21. 
The louver heat exchangers had two primary in pitches at 2.11 mm (Coils 4 and 5) and 1.81 mm (Coils 6-11). Coils 
6-11 had a higher dry heat transfer coefficient than Coils 4 and 5. These data demonstrate that as the fin pitch 
decreases, the dry heat transfer coefficient increases. The louver fin heat exchangers had varying dimensions with 
louver pitch and louver angle, but the fin pitch clearly had a significant impact on heat transfer performance. The 
heat exchangers with a smaller fin pitch have a higher number oflouvers in the heat exchanger. The increase in the 
number of louvers interrupts the air flow to improve the heat transfer coefficient. 
McLaughlin and Webb (2000b) studied heat exchanger performance as fin pitch varied. They reported that 
the dry heat transfer coefficients had little change due to the varying fin pitch. The wet heat transfer coefficient for 
heat exchangers with 1.6 mm fin pitch decreased by 30% as compared to the dry. The heat exchangers with a 2.4 
mm fm pitch had little decrease in the wet airside heat transfer. Using their results as a guide, it is found that the 
exchangers tested with a fin pitch of 1.81 mm had heat transfer coefficients 5% to 30% higher than those of 
exchangers with a fm pitch of 2.11 mm. The wet air side heat transfer coefficient when compared to the respective 
dry airside heat transfer coefficient was lower by about 10% at low Reynolds numbers, but these differences grew to 
as large as 100% at high Reynolds numbers. These results can be attributed to the same mechanisms important in the 
offset strip heat exchangers. The water retained on the heat exchanger decreases the wet air side heat transfer 
performance. The heat exchangers that had higher condensate retention usually had a greater penalty between dry 
and wet air side heat transfer coefficient. 
3.3 Sensible j and friction factors 
The sensible j factors and friction factors were calculated for all the heat exchangers under both dry and wet 
conditions. Equations 3.1 to 3.3 were used to calculate sensible j and friction factors, which allowed for comparison 
of heat transfer performance under the two different conditions. 
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St = _Ni_u_ = __ h __ 
RePr G air Cp air 
(3.1) 
(3.2) 
(3.3) 
The sensible j and ffactors are the non-dimensionalized values of the air side heat transfer (Figures 3.11 -
3.21) and air side pressure drop (Figures 3.22 - 3.32). Sensible j and ffactors for the offset strip heat exchangers are 
shown in Figures 3.33- 3.35. The plots show j and ffor the heat exchangers under wet and dry conditions. An 
increase in ffactor of approximately 30 to 70% is seen for wet conditions. The condensate that forms on a heat 
exchanger while operating under condensing conditions will restrict flow and increase the pressure drop across the 
heat exchanger (Figure 3.23 -3.35). The offset strip heat exchangers exhibit duct flow under both dry and wet 
conditions, thus the f factors do not converge like louver finned heat exchangers. A reduction in sensible j of 20% to 
60% was seen for the heat exchanger under condensing conditions. The reduction in sensible j may be attributed to 
the condensation that accumulates on the heat exchanger surface. 
Figures 3.36-3.43 show sensible j and ffactors for the louvered finned heat exchangers under both wet and 
dry conditions. For all heat exchangers tested, the effect of condensation on air-side friction factor was significant. 
An increase in friction factor was seen across all the heat exchangers under wet conditions at low face velocity, but 
as the face velocity increased, the wet friction factor tended toward the dry friction factor for the majority of the 
tested heat exchangers. This trend is most noticeable with the 1.81 mm fin density heat exchangers (Coils 6, 8, 10, 
and 11). The condensation forming on the heat exchanger can change the air flow from louver directed to duct 
directed flow due to the inter-fin and inter-louver bridges. As the velocity increases and shedding occurs, the flow 
pattern within the heat exchanger changes to a combination of duct and louver flow. At the face velocity of 
approximately 1.1 mis, the difference between wet and dry f was approximately 30% to 70%. The larger amount of 
retention found on certain heat exchangers will result in more restricted air-flow. The restricted air-flow will increase 
pressure drop across the heat exchanger, resulting in a higher friction factor. The effect of condensation on j was also 
consistent for all three offset strip heat exchangers - a decrease in j was seen under wet conditions. The difference in 
j seemed to be more significant as the amount of water was retained on the heat exchanger. Differences inj were 
approximately 10% to 50%. Condensate bridges that develop may explain the severe degradation in sensible j factor 
for the heat exchangers with a higher amount of water retained. 
A comparison of the friction andj factor can be difficult between the different heat exchangers due to the 
wide variance in design parameters. Further analysis of the tested heat exchangers can be made by using wet and dry 
multipliers and London Goodness (j/t) to compare the heat exchangers over certain test parameters. The respective 
plots are presented in Appendix C. 
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Figure 3.4 Steady state retention per unit of heat transfer area versus face velocity. Coils 10 and 11 
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Figure 3.10 Wet energy balance for Coils 8, 9, 10, & 11. 
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Figure 3.12 Coil 2 air-side sensible heat transfer coefficient versus face velocity. 
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Figure 3.14 Coil 4 air-side sensible heat transfer coefficient versus face velocity. 
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Figure 3.16 Coil 6 air-side sensible heat transfer coefficient versus face velocity. 
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Figure 3.18 Coil 8 air-side sensible heat transfer coefficient versus face velocity. 
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Figure 3.21 Coil 11 air-side sensible heat transfer coefficient versus face velocity. 
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Chapter 4: Conclusions and Recommendations 
Heat transfer, pressure drop, and retention data have been collected and presented for eleven automotive 
evaporators. The tests were performed under wet and dry conditions at steady-state conditions. This chapter contains 
general conclusions about the effects of condensate on the overall perfonnance of an automotive air-conditioning 
system, recommendations for the focus of future work in this area, and the general perfonnance reviews for the heat 
exchangers tested. 
4.1 Condensate Retention 
The geometry of the heat exchanger plays a significant role in the amount of water the heat exchanger 
retains. The critical dimensions are the fin pitch and louver length. The fin pitch is important due to its influence in 
fin bridging. Apparently, for a fm pitch smaller than about 2 mm fin bridging becomes significant. Fin bridging 
increases the amount of water retained and affects the heat transfer and pressure drop perfonnance. The louver 
length helps determine the ability of a heat exchanger to shed water. The longer the length of the louver, the less 
water is retained on the surface and in general the better the wet-surface perfonnance. Design engineers minimizing 
the amount of water retained need to keep fin pitches large enough so inter-fm bridging does not occur, and they 
should keep the louver length as long as possible. 
Comparing all of the heat exchangers, Coil 2 and 4 have the best water retention perfonnance. These coils 
retained the smallest amount of water. This behavior can be attributed to the fin spacing and louver length of the two 
heat exchangers. 
4.2 Air Side Heat Transfer 
Airside heat transfer is dependent upon geometry and operating conditions. The most important physical 
characteristics are the fin and louver pitch. Under dry conditions, a smaller fin pitch increases velocity and 
temperature gradients, and thus improves the convection coefficient. A decreased louver pitch allows a larger 
number oflouvers in the heat exchanger, and louvers interrupt the air flow to improve the heat transfer of the heat 
exchanger. The wet airside heat transfer perfonnance is 10% to 100% lower than the dry airside heat transfer 
perfonnance. Louvers that are clogged decrease the number of flow interruptions and redirect the flow, both of 
which reduce the heat transfer perfonnance. 
Design engineers seeking to improve the dry heat transfer perfonnance should consider a small fm and 
louver pitch as desirable; however, under wet conditions, surface compactness increases retention and its deleterious 
effects - a careful compromise must be sought. 
Comparing the heat exchangers, Coils 4 & 7 have the best overall airside heat transfer perfonnance. These 
two coils have the smallest amount of degradation between the dry and wet perfonnance. This behavior can be 
attributed to the low amounts of water retained by the heat exchangers. The louvers were not clogged as much as in 
other exchangers and the surface interruptions were still available during wet conditions. 
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4.3 Air Side Pressure Drop 
Air side pressure drop is dependent on physical parameters such as fm pitch, louver angle, and louver pitch, 
as well as the amount of water retained by the heat exchanger. The differences between dry and wet performance are 
notable in some heat exchangers with the f factor increasing from 10 to 70% over dry conditions. 
With fin pitch, the smaller the value, the greater the core drop because of the increased velocity gradients. 
For louver pitch, the interruptions in the airflow increase the pressure drop and decreasing louver pitch results in an 
increased friction factor. If the louver angles are high, then the flow-direction changes are more pronounced and 
result in a pressure drop increase. 
Under wet conditions, the pressure drop is influenced by the amount of water retained between the louvers. 
When the louvers are clogged, the condensate decreases the effective minimum flow area, which increases the 
pressure drop. The more water is retained, the greater the water blockage in the heat exchanger. 
Design engineers need to be concerned with the changes in minimum flow area under wet conditions. 
Maximizing the free flow area will help to reduce the pressure drop penalty under wet conditions. Using a larger fin 
pitch decreases the amount of condensate on the heat exchanger and reduces the inter-fin bridging. 
Coils 4 and 5 had the best overall performance when comparing the dry and wet airside pressure drop. 
These coils exhibit the least amount of degradation between the dry and wet f factors. These results can be attributed 
to the fm pitch of the heat exchanger. At a fm pitch of 2.11 nun, the minimum flow area was not reduced as much as 
other heat exchangers with a smaller fin pitch. 
4.4 Recommendations for Future Studies 
There are several areas where additional research can be useful to refining design guidelines. Two specific 
directions are discussed in this section. 
Retained condensate has a direct effect on the heat transfer performance as well as pressure drop. Knowing 
how the water is distributed and removed from the heat exchanger could be used to better understand the way water 
is retained. Water distribution is important because it impacts local flow and heat transfer. Compact heat 
exchangers allowing optical access could be constructed for experiments to determine the water distribution. 
Observations of the drainage behavior may help improve the air-side performance of heat exchangers. 
In addition to visualization of condensate distribution, more work on the air-side effects of fin pitch, louver 
pitch and louver angle is needed. As stated earlier, the engineer is faced with a challenging optimization problem; 
highly compact surfaces favor dry performance but sacrifice wet performance. More work is needed to understand 
the fundamental mechanisms important to this trade off. Specific attention can then be directed to particular 
applications. Determining the optimal parameter relationship will improve efficiency and performance. 
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Appendix A: Data Reduction 
This appendix describes the data reduction techniques used·for this study. The data file produced from the 
data acquisition system and the manually recorded data described in Chapter 2 are input variables for the data 
reduction program. The program used is a conunercial equation solver, Engineering Equations Solver (EES). Data 
reduction involved EES because the thermophysical property functions for moist air are integrated in the program. 
The EES code used for the data reduction is shown in Tables A.l and A.2 
A. 1 Mass Fluxes 
The coolant-side mass flow rate was calculated from the density and volumetric flow rate. Flow rate was 
measured with a flow meter that provided a 5-volt dc pulse with 1.849xl06 pulses per cubic meter of liquid. Equation 
A.l was used to calculate the coolant mass flow rates where Re is the number of pulses per second. The meter was 
located on the return line therefore the outlet coolant temperature was used to calculate the density. 
. R ( 1 ) 
me = ePe 1.849x106 (A. 1) 
The air-side mass flow rate was calculated from the density, frontal velocity, and flow area. Velocity of the 
air at the heat exchanger face was measured using a constant- temperature thermal anemometer. The manufacturer 
cahbrated the anemometer at standard temperature and pressure so the measured velocity needed to be corrected 
based on the temperature and pressure at the heat exchanger face. Equation A.2 was used to calculate the actual 
velocity. 
v = V (273 + Tfr )(101.325) fr,e fr 294.1 ~tm (A.2) 
Air temperature is measured with the upstream thermocouples and the atmospheric pressure is measured 
with a NOVA laboratory barometer. The air temperature was measures in degrees Celsius. The air pressure was 
measured in mm Hg and converted to kPa in EES. All other air properties were computed using thermophysical 
property functions that were built into EES. 
A.2 Heat Transfer Rates 
Equations A.3 through A.5 were used to calculate the heat transfer rates. The calculations used 
measurements recorded at the test section inlet and outlet. The data used for this study required that air-side and 
coolant-side heat transfer rates had a standard deviation of 20 W including the bias error discussed in Appendix B. 
q =m.C (T,. -T .) 
SeIlS aU' P air In ,air out ,aU' (A.3) 
(A.4) 
(A.5) 
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A.3 Fin Efficiency 
Fin efficiency calculations with the fin geometry of automotive evapomtor coils can be modeled as a 
stmight fin with an adiabatic tip. Furthermore, due to the circuiting and coolant flow mtes, the adiabat for each fm is 
the centerline. Most of the heat exchangers tested use a pamllel flow manifold with three coolant passes. Both sides 
of the fin are at the same tempemture. Additionally, the tempemture change is between 1.5 and 5.0 degrees Celsius 
due to the coolant flow mte so that any deviation of the adiabat from the centerline for any fin will be much smaller 
than the fin width. 
Using standard equations found in heat transfer texts (for example Incoprem and Dewitt, 1990), the fm 
efficiency for dry conditions is calculated with Equation A.6 and A.7. The expression for a straight fin with adiabatic 
tip is, 
(A.6) 
where, 
(A.7) 
For fms where the fin width is much greater than fin thickness rno reduces to 
~ 
rno =Vk/f (A.8) 
When the fin surface is fully wetted, the method presented by Wu and Bong (1994) is used for calculating 
fin efficiency. They consider the driving forces for heat and mass transfer sepamtely. Wu and Bong assumed a linear 
relationship between OJ s ' the humidity mtio of the saturated air at the wet surface, and r: ' the surface temperature. 
This assumption allowed them to analytically solve the governing fm surface tempemture differential equation when 
the Colburn-Chilton heat and mass analogy holds. Namely, the heat transfer coefficient and the mass transfer 
coefficient are related by 
(A.9) 
Expressions for the heat transfer from the fin and maximum heat transfer are derived when the surface tempemture 
distribution is known. 
(A. 10) 
(A. 1 1) 
Where rn is related to rno in the dry fin equation by, 
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(A. 12) 
(A. 13) 
and b is the average slope of the saturation line on the psychometric chart from Tb < r: < I'r ' 
0) -0) b = s,t s,b 
I'r-T;, 
(A. 14) 
The fin efficiency is defined as the ratio of heat transfer to maximum possible heat transfer. Thus, 
tanh(mL} Tit = 
mL 
(A. 15) 
is the same as the expression for fin efficiency in the dry case with momodified by Eq A.12. The fully wet fin 
efficiency ofWu and Bong is relatively independent of the humidity ratio of the incoming air. 
With the fin efficiency known, the overall surface efficiency for both wet and dry conditions can be 
calculated from, 
(A. 16) 
A.4 Heat Transfer Coefficients 
A modified Wilson-plot methodology was used to calculate the air-side heat transfer coefficient. The 
technique used was an adaptation of the ideas discussed by Briggs and Young (1969), and presented by Rohnsenow 
et al. (1985). Wilson (1915) created a technique where individual thermal resistances could be determined from the 
overall system thermal resistance. A general thermal circuit for the studied heat exchangers assuming there is no air-
side and tube-side fouling as well as no tube-side enhancements is: 
1 1 1 1 1 
-=--=--= +--+R 
UA (UA}c (UA}o (T/hA}o (hA}c W (A.17) 
The Wilson-plot method holds one side of the heat exchanger (the air, or hot side in this study) constant and 
1 
systematically varies the flow of the other side (the cold side in this study). Solving Equation A.17 for - and 
Uc 
grouping terms yields Equation A.18. 
(A. 18) 
For turbulent flow through constant cross-sectional ducts, the Nusselt number correlates to 
43 
Nu = Co Reo.s Pr°.4 (A.19) 
and an equivalent fonn of Equation A.18 is 
(A.20) 
1 1 
A plot of - versus -0 s with the air-side temperature and mass flux held constant with Equation A.19 is linear 
U V· c 
and has the fonn of, 
y=mx+b (A.20a) 
where, 
Y = U1 , m = _1 , b = ( Ac + RwAc) 
c C1 (1]hA) 0 
(A.20b) 
The slope and intercept of the resulting data set are calculated with a least squares fit to the data points. 
Equation A.18 can be directly solved for 1]ho or iteratively for ho with the fm efficiency equation to compute the j 
factors. 
Briggs and Young modified the Wilson-plot routine assuming that the fluid temperature on either side of the 
heat exchanger could vary between test runs. Instead of plotting a velocity function, they used the tube-side NusseIt 
number directly in the fonn of 
(A.2l) 
and proceeded in a similar manner. A linear regression analysis is used to detennine the Reynolds number exponent 
that minimizes the least squares fit to the data points. 
For this 'study, further modification of the Briggs and Young technique is used to construct the Wilson-plot. 
The tube-side NusseIt number is calculated using the Gnielinski correlation for transitional flow in tubes: 
Nu = (/ / 8)(Re D -1000) Pr 
D 1 + 12.7(/ / 8)1/2 (Pr 2/3 -1) (A.22) 
where, 
(A.23) 
The Reynolds number is based on hydraulic diameter as stated by Kays and London (1984). The hydraulic diameter 
1 1 
varied between the respective heat exchangers. The Wilson-plot was constructed by plotting - versus --. 
UA NUD 
The linear relationship is, 
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(A.24) 
The fIrst term on the right hand side is dependent on tube-side Reynolds number and the second term is independent 
of the tube-side Reynolds number where it is held constant by maintaining the air-side conditions. The wall 
resistance for the range of Reynolds numbers in this study was less than 5% of the total resistance and thus neglected. 
The intercept of the least squares fIt line to a single set of Wilson-plot data is the air-side resistance, 
(A.25) 
This Wilson-plot technique has forced the tube-side resistance to be zero by extrapolating to an infmite tube-side 
Nusselt number. Equation A.25 and the fIn efficiency equations are then solved iteratively to determine the air-side 
heat transfer coefficient. 
Building a complete set of data was based upon maximizing the amount of air-side data while maintaining 
the lowest uncertainty. A baseline data set at an air-side Reynolds number at approximately the middle of the tested 
range was collected because the slope of the Wilson Plot is independent of the air-side velocity. This baseline data 
set consisted of Wilson-plot points generated from tube-side Reynolds numbers from approximately 6,000 to 14,000. 
The slope of the linear fIt to the baseline data set was induced on all other data sets and the intercept was calculated 
from a modifIed, least squares fIt. An example modifIed Wilson-plot is shown in Figure A.l. 
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Table A.I Friction factor and Wilson plot data EES code listing. 
"EES code for computing friction factors and data for Wilson plots. 
1 0 input parameters: 
Air inlet/outlet temperatures 
Coolant inlet/outlet read voltages 
Inlet/outlet depoints in F 
Air velocity 
Coolant flow meter reading 
Atmospheric pressure 
Pressure drop across heat exchanger" 
"Heat Exchanger Geometry" 
A_min=.0252 
A_tot=2.52 
A fr=.03923 
sigma=A_min/A_fr 
"Tube-side Calculations" 
Tin cF=Tin cC*1.8+32 
Toutct=Tout_cC*1.8+32 
"Tube-side Thermocouple calibration curves" 
Tin cC=1.208200E-01 +2.565600E+01 *Volt in ref+4.646300E-01 *Volt in refl\2-
1.170900E+OO*Volt in refl\3 - - . - -
Tout cC=1.045000E-Ol +2.567500E+01 *Volt out ref+4.694600E-01 *Volt out refl\2-
1.176600E+OO*Volt_ouCrefI\3 - - - -
"Coolant flowrate" 
Q_c=R_c1101700*O.003785 
m c=Q c*Rho c 
Re_tube=4/(5071000)*m_cIVis_c 
{mA3/s} 
{kg/s} 
"Coolant Properties, 40% Concentration" 
Rho_c=(3.703704E-7*Tout_cFI\3-8.214286E-5*Tout_cFI\2-1.150132E-
2*TouCcF+6.789952E+1)/O.06243 {Density Kg/ml\3} 
Vis_c=(-1.759259E-5*Tin_cFI\3+3.764286E-3*Tin_cFI\2-3.183122E-1 *Tin_cF+12. 73762)*(1 E-03) 
{Viscosity Ns/ml\2} 
k_c=(-1.851852E-8*Tin_cfA3+1.785714E-6*Tin_cFI\2+2.839947E-4*Tin_cF+.2176667)/.5778 
11000{Conductivity W/mK} 
Cp_c=(9.259259E-9*Tin_cFI\3-3.571429E-7*Tin_cFI\2+4.312169E-4*Tin_cF+.7923810)/2.389E-
4/1000{Specific Heat KJ/KgK} 
"Tube side heat rate" 
Q_ref=m_c*Cp_c*(Tout_cC-Tin_cC) 
"Tube-side Nu Calculation using Gniel. correlation" 
Nu_D=(C tube/8*(Re_tube-1 OOO)*Pr _tube )/( 1 +12. 7*(sqrt(Ctube/8)*(Pr _ tubel\(213)-1 ))) 
Ctube=(.79*ln(Re_tube)-1.64)1\(-2) 
Pr_tube=Cp_c*Vis_c1k_c 
"Air-side Calculations" 
Tdp_inC=(Tdp_inF-32)/1.8 (degrees F to degrees C) 
Tdp_outC=(Tdp_outF-32)/1.8 (degrees F to degrees C) 
Tdp_inC=DewPoint(AirH20,T=Tin_air,P=P _atm,w=w1) {determine absolute humidity} 
Tdp_outC=DewPoint(AirH20,T=TouCair,P=P _atm,w=w2) {determine absolute humidity} 
P atm=(P hg)*convert(inHg,kPa) {Pressure conversion} 
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RH_in=ReIHum(AirH20, T=Tin_air,P=P _atm,w=w1) {Relative Humidity} 
RH_out=ReIHum(AirH20,T=Tout_air,P=P _atm,w=w2) {Relative Humidity} 
T _mair=(Tin_air+ TouCair)/2 
w_mair=(w1 +w2)/2 
Rho _air1 =Density(AirH20, T=Tin_air,P=P _atm,w=w1 ) 
Rho_air2=Density(AirH20,T=Tout_air,P=P _atm,w=w2) 
Rho_air=Density(AirH20,T=T _mair,P=P _atm,w=w_mair) 
Vis_air=Viscosity(AirH20,T=T_mair,P=P _atm,w=w_mair) 
k_air=Conductivity(AirH20, T=T _mair,P=P _atm,w=w_mair) 
Cpin_air=SpecHeat(AirH20, T=Tin_air,P=P _atm,R=RH_in) 
Cpout_air=SpecHeat(AirH20, T=TouCair,P=P _atm, w=w2) 
Cp _mair=(Cpin_air+Cpout_air)/2 
hin_air=Enthalpy(AirH20, T=Tin_air,P=P _atm,w=w1 ) 
hout_air=Enthalpy(AirH20,T=TouCair,P=P _atm,w=w2) 
h_mair=(hin _air+hout_air)/2 
''Air flowrate" 
m_doCair=VoLair*Rho_air{Kg/s} 
{Kg/mI\3} 
{Kg/mI\3} 
{Kg/mI\3} 
{Ns/mI\2} 
{W/mK} 
{KJ/KgK} 
{KJ/KgK} 
{KJ/KgK} 
{KJ/Kg} 
{KJ/Kg} 
{KJ/Kg} 
VoLair=VeLair*Flow_area*(273+ Tin_air)/294.1 *1 01.4/P _atm "Velocity probe correction" 
Flow_area=8*.0254*12*.0254 {Wind Tunnel geometry} 
V _max=V _air*(A_fr/A_min) 
G air=V max*Rho air 
V-air=VOI air/A fr-
Pr_a=Cp _mair*Vis_air/k_air*1000 
Re_air=G_air*2.30/1000Nis_air "2.30=hydraulic diameter" 
"Heat Rates" 
q_sens=m_dot_air*Cp_mair*(Tin_air-TouCair) 
q_tot=m_dot_air*(hin_air-hout_air) 
CLave=( qJef+CLtot)/2 
CL err=( CLref-CLave )/CLave 
LMTD=(Large-Small)/ln(Large/Small) 
Large=Tin_air-TouCcC 
Small=Tout_air-Tin_cC 
"Wilson Plot Data" 
Wilsy=(LMTD/CLsens) 
Wilsx=1INu_D 
"ffactor" 
Cair=2*dp*Rho_air/G_airI\2*A_min/A_tot-(1-sigmaI\2)*(Rho_air1/Rho_air2-
1 )*(A_min/A_tot)*(Rho_air/Rho_air1) 
dp=deltaP*convert(inH20,pa) 
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Table A.2 (cont.) j factor EES code listing. 
"EES code for computing j factors 
11 input parameters: 
Atmospheric pressure 
Inlet/outlet coolant temperatures 
air mass flux 
Wilson plot intercept 
air Prandtl number 
air specific heat 
air density 
air conductivity 
inlet/outlet humidity ratios" 
st=h/(G*Cp_a) 
j=st*PrA(2/3) 
1/(eta_o*h*A_t)=intercept 
eta_fin=tanh(m*L)/(m*L) 
m _ 0=sqrt(2*h/(k*thickness» 
m=m_O*sqrt(1 +b*xi) 
thickness=.004*convert(in,m) 
k=.154 {kWlm K} 
L=.15625*convert(in,m) 
eta_o=1-A_fin/A_t*(1-eta_fin) 
A t=2.542 
2296=A_fin 
"Wu and Bong" 
(theta+thetaJ»/(theta_b+thetaJ»=cosh(M*(L-finwidth»/cosh(m*L){fin temp. distribution) 
finwidth=.15625*convert(in,m) 
theta=T a-T t 
theta b;T a:T b 
theta:J>=xPC_O/(1 +b*xi) 
xi=h_fg/(Cp_a*LeA(2/3» 
b=(w_s_t-w_s_b )/(T _t-T _b) 
a=w_s_b-(w_s_t-w_s_b )/(T _t-T _b)*T_b 
C O=w a-a-b*T a 
w=:s_t=humrat(AlrH20,T=T_t,P=P _atm,D=T_t) {Hum ratio at fin tip} 
w_s_b=humrat(AirH20,T=T_b,P=P _atm,D=T_b) {Hum ratio at fin base} 
Le=k_a/(rho_a*Cp_a*D _AB)/1 000 
D_AB=(.00143*T _aA1.75)/(P _atm*M-ABA.5*(Sigma_nu_AA(1/3)+Sigma_nu_BA(1/3»A2) 
Sigma_nu_A=19.7 
Sigma_nu_B=13.1 
M_AB=2*(1/M_A+1/M_B)A(-1 ) 
M_A=MOLARMASS(Air) 
M_B=MOLARMASS(Steam) 
rho_a=density(airH20,P=P _atm,T=T _a,W=w_a) 
w_a=(w1+w2)/2 
h_fg=h3-h2 
h2=ENTHALPY(Steam,x=0,P=P1 ) 
h3=ENTHALPY(Steam,x=1 ,P=P1) 
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P1 =PRESSURE(Steam,T=T _a,x=O) 
2*T b=Tin C c+Tout C c 
so 
Appendix B: Uncertainty Analysis 
Uncertainties in the experimentally measured and reduced data are presented in this appendix. The errors in 
the measured parameters are discussed and propagated to estimate the uncertainties in the calculated parameters. 
Most of the uncertainty calculations are straightforward, but several warrant discussion and clarification. 
B.1 Uncertainty in Measured Parameters 
The errors associated with the various experimental measurements are shown in Table B.l. Chilled mirror 
hygrometers at the inlet and outlet measured the dewpoint of the air which had a measurement uncertainty of ±O.2°C. 
An oscillating disc type flow meter measured the coolant flow rate had a measurement uncertainty of ± 1.0%. Air-
flow velocities were measured using a constant temperature thermal anemometer with a calibrated uncertainty of 
±2.0%. Finally, an electric manometer with an uncertainty of ±0.124 Pa was used to measure the air-side pressure 
drop across the heat exchanger. Type-T thermocouples were used to measure the air temperature and the coolant 
temperature. Each thermocouple was individually referenced to a thermocouple in an ice bath and calibrated to a 
NIST traceable mercury-in-glass thermometer using a thermostatic bath. Calibration was based on a fifth-order 
polynomial for each thermocouple. The uncertainties associated with the thermocouples were ±0.2°C. A precision 
electronic balance was used to measure condensate quantities and had an uncertainty of ±O.1 grams, which is less 
than 0.05% over the entire range of measurements and will normally be neglected. 
B.2 Uncertainty in Calculated Values 
The uncertainties in calculated experimental values were determined using techniques by Kline and 
McClintock (1953). The propagation of error through the data reduction equations introduces an uncertainty in 
calculated parameters. Equation B.l was used to determine the uncertainties in the calculated values. 
W, = t ay w [( )2]Yz 
y m=1 aXm m 
Where Wm = uncertainty of variable m=I,2,3, ... ,n 
Wy = propagating uncertainty in result 
ay = partial derivative of result with respect to variable m. 
aXm 
When Y is simply related to Xm by the following form, 
then Equation B.l may be rewritten as, 
Wy _ t Xm [ (w )2]Yz Y- m=1 Xm 
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(B.l) 
(B.2) 
(B.3) 
8.3 Uncertainty in Heat Transfer Rate 
The uncertainty in coolant heat transfer rate is calculated using Equation B.4, where the first three terms on 
the right hand side is uncertainty from the mass flow rate. As published by the manufacturer, the volumetric mass 
flow rate meter has an uncertainty of 1.0%. Using a conservative 2.0% uncertainty in the ethylene glycol mixture 
properties the uncertainty in tube-side heat transfer rate is estimated to be 13%. However, in the beginning of this 
study, it was determined a bias error of approximately 5% existed where the computed heat transfer rate on the tube-
side was lower than the computed heat transfer rate on the air-side. Different sources of error on both sides of the 
heat exchanger were investigated and it was concluded the immersion thermocouples on the tube-side were the 
cause. The coolant flow-rate was required to be relatively large to maintain turbulent flow through the heat 
exchangers and this caused tube-side temperature differences ofless than 2.0°C giving an uncertainty of 10% from 
the thermocouples. The actual bias error is probably the result of errors in the calibration that are compounded by 
the high uncertainty in temperature reading. The errors in the average heat transfer rate were very consistent and 
varied less than 8% from the 5% bias, giving an overall uncertainty within 13%. 
Wqc =[(Wpc."",]2 +(WRC J2 + (l.O%Y +(WCp J2 +(W6T J2]X 
q C P C,out Rc Cp IlT 
(B.4) 
8.4 Uncertainty in Vmax 
Equation B.5 was used to determine the propagated uncertainty for V max. The frontal velocity was measured 
directly using a constant temperature thermal anemometer with an uncertainty of 2.0% in the measured reading. Heat 
exchanger dimensions were measured using a caliper with an uncertainty of 0.025 nun, and the uncertainty for each 
parameter is based on number of measurements required. Amin has an additional source of error due to orientation 
when the coil is placed in the wind tunnel and is approximately 5%. The uncertainty in V max was 5.8% with an 
uncertainty in Aft of 2.0%. 
(B.5) 
8.5 Uncertainty in Reynolds Number 
The uncertainty in air-side Reynolds number based on hydraulic diameter is calculated using Equation B.6. 
The uncertainty in hydraulic diameter is approximately 1.5%, and the uncertainty in air mass flux is the same as for 
V max, 6%. Therefore, the uncertainty in Reynolds number is approximately 6.4%. 
(B.6) 
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B.6 Uncertainty in Friction Factor 
The uncertainty in air-side friction factor is determined by Equation B.7. With an uncertainty in Atot of 4.5% 
the uncertainty in air-side friction factor is calculated to be 13.8%. 
(w J2 ( w: J2 (W J2 X APHJ( + 2~ + ~ 
APHJ( Galr Pair 
+(W ~in J2 + (WA,O/ J2 
Am Atot 
(B.7) 
B.7 Uncertainty in Heat Transfer Coefficient 
The difficult factor in determining the uncertainty in heat transfer coefficient is estimating the error in the 
Wilson plot intercept. As detailed in Appendix A, the Wilson plot is constructed by plotting I/uA versus IINlltube 
and fitting a least squares line to the data for each air-side condition. The variance in the intercept for a single line 
can be estimated using an equation from Beers (1957), 
(B.8) 
Where k is the number ofsarnples and the first term is the estimated variance iny. The 95% interval can now be used 
to estimate the uncertainty in the y-intercept of a single Wilson plot line. Several values were computed and the 
maximum uncertainty for a data set was 10%. It should be noted that additional statistical analysis would be required 
to estimate the added uncertainty of fitting subsequent data sets to the same slope. The uncertainty in air-side 
sensible heat transfer coefficient is calculated using Equation B.9 when the coil is wet and is 13%. For dry coil 
calculations, only the last three terms in Equation B.9 are used and the uncertainty is 10%. 
w" 
-= 
h 
(B.9) 
B.8 Uncertainty in Sensible j factor 
The only significant contributions to the j factor uncertainty are from the mass velocity and the air-side heat 
transfer coefficient h. The uncertainty in sensiblej factor is calculated using Equation B.IO and determined to be 
16%. 
[ 2 ( J2 (W:)2 2]X ~ = (Wh) + WG~, + CPo_:' + (WPr) 
J h Galr Cp,alr Pr 
(B.IO) 
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B.9 Uncertainty in Measured Condensate Retention 
The major sources of error contributing to the uncertainty in condensate retention measurements are from 
the experimental apparatus and procedures. The error associated with the electronic balance is negligible compared 
to the other errors. Steady-state retention measurements were collected after the coil was exposed to condensing 
conditions in the closed wind tunnel. When the tunnel is shut off, the coil continues to drain water. The catch tray is 
inserted prior to shut down. To ascertain the possible quantity of gained condensate a test run using the real-time 
retention apparatus was performed. After the coil had reached steady-state, mass readings were recorded every 10 
seconds for four minutes. It was found the coil shed 15% of the retained condensate in the initial 50 seconds. It 
normally took less than 30 seconds to open the test section, so 12% is likely a conservative estimate of the 
uncertainty in the mass of retained condensate for the steady-state retention tests. 
Table B.t Uncertainties in measured parameters. 
Measured Parameter Uncert.mty 
M>HX ±O.OOI inches of water 
Tair,in ±O.2°C 
Tair,out ±O.2°C 
Tc,in ±O.2°C 
Tc,out ±O.2°C 
Tdp, in ±O.2°C 
Tdp, out ±O.2°C 
Pulses ±O.5% 
Yair ±2% 
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Appendix C: Experimental Data Results 
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Figure C.I Coil I wet multipliers versus air-side Reynolds number. 
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Figure C.2 Coil 2 wet multipliers versus air-side Reynolds number. 
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Figure C.3 Coil 3 wet multipliers versus air-side Reynolds number. 
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Figure C.4 Coil 4 wet multipliers versus air-side Reynolds number. 
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Figure C.6 Coil 6 wet multipliers versus air-side Reynolds nwnber. 
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Figure C.7 Coil 7 wet multipliers versus air-side Reynolds number. 
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Figure C.8 Coil 8 wet multipliers versus air-side Reynolds number. 
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Figure C.9 Coil 9 wet multipliers versus air-side Reynolds number. 
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Figure C.I 0 Coil 10 wet multipliers versus air-side Reynolds number. 
59 
I 
-
• • 
-
-
I 
1000 1200 
I 
<l>. 
<l>f' 
iffw -
iff 
-
• • • • 
-
I 
1000 1200 
j/f 
2 
1.5 -
1 '-
0.5 r-
o 
200 
I 
• 
• 
• 
I • • 
r • • 
400 
I I 
• 
• 
• 
• • 
• • • • • • • 
• • • • • 
• • • • • 
• i • • • I 
600 800 
Re 
Figure C.II Coil II wet multipliers versus air-side Reynolds number. 
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Table 0.1 Coil 1 Pressure Drop Data 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
TiD,alr 
34.52 
34.24 
35.69 
36.71 
37.75 
38.31 
35.96 
34.98 
36.47 
37 
35.82 
35.29 
Tout,air Tdp,lo,F 
12.87 44.71 
13.17 44.46 
15.32 44.47 
17.38 44.44 
21.47 44.62 
23.87 44.55 
9.96 81 
13.52 80.7 
16.49 78.4 
19 77.5 
20.27 77.5 
21.22 78.01 
Table 0.2 Coil 2 Pressure Drop Data 
Dry 
Dry 
Dry 
Dry 
Dry 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
34.63 
30.51 
30.28 
30.13 
30.15 
33.34 
33.12 
32.7 
32.7 
32.43 
32.22 
Tout,alr Tdp,lo,F 
8.21 72.01 
10.01 72.02 
11.65 71.91 
13.06 72.01 
15 72.85 
12.42 40.25 
12.67 39.86 
13.6 39.4 
14.05 39.15 
15.24 38.8 
15.63 38.7 
Tdp,out,F Pbg Velalr AP 
44.76 29.33 1.15 0.142 
44.47 29.33 1.43 0.2 
44.42 29.33 1.83 0.298 
44.42 29.33 2.03 0.352 
44.59 29.33 2.45 0.484 
44.57 29.33 2.78 0.602 
49.6 29.16 1 0.152 
56.2 29.16 1.32 0.242 
61.4 29.16 1.74 0.352 
65.7 29.16 2.17 0.51 
66.86 29.16 2.6 0.712 
67.88 29.16 3 0.876 
Tdp,out,F Velalr AP 
46.46 29.23 1.75 0.26 
49.59 29.23 1.95 0.31 
52.5 29.23 2.18 0.36 
55.03 29.23 2.47 0.448 
58.59 29.23 2.8 0.542 
40.16 29.38 1.11 0.072 
39.66 29.38 1.43 0.106 
39.13 29.38 1.85 0.164 
38.82 29.38 2.05 0.188 
38.54 29.38 2.52 0.264 
38.42 29.38 2.79 0.304 
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Table D.3 Coil 3 Pressure Drop Data 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Wet 
Wet 
Wet 
Wet 
Wet 
Tlo,alr 
39.3 
39.03 
38.93 
38.64 
38.57 
40.14 
39.19 
38.54 
38.14 
37.83 
34.43 
35.01 
33.62 
34.2 
34.57 
Tout,alr 
23.79 65.89 
24.16 66.02 
24.44 66.12 
24.83 66.14 
25.17 66.22 
21.33 66.39 
21.76 66.52 
22.14 66.66 
22.5 66.6 
22.79 66.73 
4.863 75.55 
8.627 75.23 
12.29 74.17 
14.07 73.39 
16.2 74.7 
Table D.4 Coil 4 Pressure Drop Data 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
32.45 
32.78 
33.57 
34.08 
34.6 
35.46 
35 
33.61 
33.66 
33.19 
32.74 
32.83 
Tout,alr Tdp,ln,F 
13 35.48 
12.58 33.48 
14.67 32.43 
16.65 31.92 
19.4 31.28 
21.75 30.8 
6.52 70 
11.25 73.17 
14.23 73.3 
15.94 73.14 
16.91 73.88 
18.38 73.88 
Tdp,out,F Phg Velalr aP 
65.99 29.35 2 0.344 
66 29.35 2.25 0.418 
66.16 29.35 2.5 0.472 
66.16 29.35 2.75 0.544 
66.28 29.35 3 0.638 
66.5 29.35 0.75 0.088 
66.63 29.35 1 0.126 
66.67 29.35 1.25 0.172 
66.67 29.35 1.5 0.212 
66.86 29.35 1.75 0.276 
38.97 29.37 1.05 0.206 
47.77 29.37 1.38 0.325 
52.91 29.37 2 0.562 
55.93 29.37 2.25 0.626 
60.14 29.37 2.55 0.656 
Vel.lr aP 
35.63 29.19 1.13 0.106 
33.56 29.19 1.5 0.164 
32.44 29.19 1.85 0.236 
31.91 29.19 2.07 0.284 
31.26 29.19 2.52 0.388 
30.89 29.19 2.85 0.464 
43.85 29.42 1.08 0.102 
52.25 29.42 1.5 0.162 
57.78 29.42 1.81 0.214 
60.69 29.42 2.14 0.292 
61.41 29.42 2.66 0.412 
62.38 29.42 2.83 0.462 
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Table D.5 Coil 5 Pressure Drop Data 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
34.48 
32.93 
33.54 
33.43 
33.43 
33.44 
33.95 
33.6 
33.24 
32.69 
32.55 
32.77 
Tout,alr 
18.94 45.79 
16.53 45.91 
17.69 46.17 
19.05 46.03 
21.16 45.97 
22.27 46.24 
7.19 72 
9.33 72.3 
13.74 72.3 
13.73 69.63 
16.31 70.33 
17.08 70.27 
Table D.6 Coil 6 Pressure Drop Data 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
35.42 
35.32 
35.4 
35.1 
35.21 
33.36 
32.13 
31.3 
34.46 
34.49 
34.35 
34.38 
34.56 
34.9 
Tout,alr 
10.12 30.53 
10.3 30.66 
10.87 30.83 
11.75 30.47 
12.5 29.57 
12.68 30.25 
12.96 30.14 
13.19 29.93 
6.407 72 
9.443 73.54 
11.33 72.45 
14.47 72.25 
16.83 72 
19.14 72 
Ve1alr AP 
45.84 29.48 1.11 0.196 
46.01 29.48 1.47 0.296 
46.2 29.48 1.83 0.438 
46.18 29.48 2 0.52 
46.17 29.48 2.49 0.742 
46.32 29.48 2.83 0.938 
41.77 29.48 1.13 0.208 
45.63 29.48 1.44 0.306 
53.79 29.48 1.93 0.518 
53.52 29.48 2.19 0.642 
58.22 29.48 2.59 0.858 
59.72 29.48 2.76 0.968 
Tdp,out,F Ve1alr AP 
30.79 29.65 1.09 0.142 
30.91 29.65 1.15 0.158 
31.18 29.65 1.33 0.208 
30.76 29.65 1.68 0.308 
29.8 29.65 1.96 0.392 
30.53 29.65 2.2 0.468 
30.38 29.65 2.49 0.57 
30.32 29.65 2.77 0.656 
41.87 29.06 1.13 0.256 
46.93 29.06 1.43 0.352 
50.13 29.06 1.73 0.412 
55.66 29.06 2.17 0.514 
59.64 29.06 2.54 0.614 
63.66 29.06 3 0.76 
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Table 0.7 Coil 7 Pressure Drop Data 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
33.92 
32.93 
31.97 
32.38 
32.49 
32.39 
34.82 
34.85 
34.67 
34.04 
34.35 
34.29 
24.08 44.31 
20.36 44.26 
16.74 44.35 
18.94 44.46 
19.66 44.52 
20.13 44.54 
6.85 76.1 
12.07 76.1 
15.57 76.1 
15.61 76.1 
18.32 75.05 
19.13 75.05 
Table 0.8 Coil 8 Pressure Drop Data 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
34.57 
35.07 
35.18 
34.92 
33.39 
31.74 
30.1 
29.15 
34.86 
35.48 
35.88 
35.2 
34.39 
36.25 
35.74 
7.335 35.14 
7.87 35.1 
8.663 35.12 
9.42 35.04 
9.77 34.92 
10.1 34.87 
10.56 34.79 
10.88 34.79 
9.548 81.5 
10.03 79.2 
11.82 75.8 
14.38 74.02 
15.59 72.23 
18.33 72.5 
18.97 71.85 
44.31 
44.28 
44.39 
44.4 
44.57 
44.58 
43.3 
52.32 
58.07 
57.9 
62.44 
63.67 
Tdp,out,F 
35.28 
35.14 
35.12 
35.08 
34.91 
34.91 
34.73 
34.73 
47.54 
47.59 
50.14 
55.36 
56.32 
61.37 
62.62 
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Ve1alr AP 
29.16 1.06 0.178 
29.16 1.53 0.326 
29.16 1.85 0.452 
29.16 2.1 0.57 
29.16 2.57 0.812 
29.16 2.89 0.98 
29.34 1.09 0.16 
29.34 1.46 0.276 
29.34 1.9 0.444 
29.34 2.23 0.562 
29.34 2.6 0.746 
29.34 2.95 0.934 
Vel.lr AP 
29.26 1.11 0.142 
29.26 1.29 0.186 
29.26 1.5 0.238 
29.26 1.74 0.3 
29.26 1.95 0.352 
29.26 2.2 0.428 
29.26 2.53 0.534 
29.26 2.77 0.618 
29.16 1.08 0.184 
29.16 1.19 0.212 
29.16 1.41 0.26 
29.16 1.75 0.364 
29.16 2.2 0.5345 
29.16 2.5 0.618 
29.16 2.79 0.718 
Table D.9 Coil 9 Pressure Drop Data 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
Tin,air 
33.78 
34.07 
33.89 
32.96 
31.23 
29.49 
35.1 
34.12 
33.13 
35.41 
35.56 
34.98 
35.96 
34.71 
33.74 
Tout,air 
6.685 27.4 
7.49 27.61 
8.273 27.9 
9.21 28.03 
9.655 28.14 
10.05 28.33 
5.57 74.18 
7.39 74.18 
8.775 74.18 
12.64 73.22 
14.43 72.37 
15.78 72.03 
6.245 72.03 
6.895 78.28 
8.958 72.03 
Table D.lO Coil 10 Pressure Drop Data 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Wet 
Wet 
Wet 
35.15 
34.98 
35.06 
35.07 
34.95 
34.08 
33.35 
32.28 
34.37 
34.14 
34.72 
Tout,alr 
11.1 
10.33 
10.94 
11.74 
12.21 
12.57 
12.82 
13.35 
10.41 
11.43 
13.09 
Tdp,io,F 
31.82 
31.53 
31.62 
31.42 
31.37 
31.47 
32 
31.6 
73.9 
72.85 
72.74 
Tdp,out,F Velair 
27.53 29.45 1.1 0.12 
27.71 29.45 1.35 0.168 
28.03 29.45 1.62 0.228 
28.06 29.45 2.01 0.32 
28.22 29.45 2.3 0.396 
28.37 29.45 2.67 0.494 
39.71 29.26 1.08 0.114 
42.93 29.26 1.34 0.162 
45.48 29.26 1.66 0.234 
53.76 29.06 2.08 0.428 
57.36 29.33 2.38 0.55 
57.87 29.33 2.7 0.682 
40.5 29.33 1.06 0.128 
42.15 29.33 1.34 0.184 
45.73 29.33 1.65 0.262 
Tdp,out,F Velair aP 
31.92 29.67 1.03 0.178 
32.14 29.67 1.27 0.272 
32.06 29.67 1.51 0.358 
31.72 29.67 1.83 0.5 
31.56 29.67 1.98 0.592 
31.56 29.67 2.22 0.714 
32.09 29.67 2.4 0.834 
31.73 29.67 2.8 1.104 
53.34 29.69 1.87 0.538 
54.65 29.69 2.04 0.542 
57.63 29.69 2.2 0.622 
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Table D.ll Coil 11 Pressure Drop Data 
Dry 
Dry 
Dry 
Dry 
Dry 
Dry 
Wet 
Wet 
Wet 
Wet 
Wet 
Wet 
Tio,air 
33.74 
33.76 
33.43 
33.35 
33.59 
33.63 
34.38 
33.76 
33.45 
33.28 
33.09 
32.78 
Tout,alr Tdp,iD,F 
13.75 46.37 
16.46 46.47 
18.65 46.36 
20.17 46.45 
21.76 48.28 
22.77 48.23 
8.88 78.4 
10.31 72.32 
12.43 70.65 
15.15 70.8 
17.44 70.7 
17.88 70.9 
Table D.12 Coil 1 Wet and Dry f &j Data 
Tdp,ODt,F 
46.52 
46.54 
46.44 
46.52 
48.38 
48.34 
46.07 
48.06 
51.78 
56.6 
60.4 
61.6 
Re jdry Re fdry Re jwet Re fwet 
304 0.0330 342 0.1170 339 0.0278 296 0.1651 
439 0.0342 425 0.1068 421 0.0270 386 0.1527 
517 0.0340 540 0.0968 523 0.0244 504 0.1276 
619 0.0338 596 0.0928 610 0.0293 624 0.1192 
710 0.0877 744 0.1168 
801 0.0848 856 0.1085 
Table D.13 Coil 2 Wet and Dry f & j Data 
Re jdry Re fdry Re jwet Re fwet 
320 0.0456 272 0.1006 633 0.0196 431 0.1450 
605 0.0406 350 0.0893 527 0.0216 477 0.1425 
411 0.0394 452 0.0828 313 0.0279 530 0.1330 
526 0.0334 501 0.0774 432 0.0226 598 0.1294 
342 0.0381 613 0.0722 673 0.1223 
678 0.0679 
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Pbg Velair AP 
29.42 1.07 0.1308 
29.42 1.45 0.2525 
29.42 1.9 0.4186 
29.42 2.18 0.51 
29.42 2.5 0.7106 
29.42 2.7 0.786 
29.42 1.09 0.22 
29.42 1.51 0.34 
29.42 1.8 0.48 
29.42 2.07 0.58 
29.42 2.63 0.768 
29.42 2.85 0.872 
Table D.14 Coil 3 Wet and Dry f &j Data 
Re Re Re Re fwet 
823.22 0.020894 207.4 0.1262 658.575 0.011365 305.1 0.1814 
550.7 0.022882 276.3 0.1204 475.175 0.012483 395.9 0.1665 
276.54 0.027468 345 0.1013 390.15 0.013125 567 0.139 
413.6 0.09078 351.825 0.013495 634.4 0.1224 
482.2 0.083 713.3 0.1002 
550.7 0.07706 
619.2 0.06959 
687.1 0.07085 
755.4 0.06608 
823.4 0.06198 
Table D.15 Coil 4 Wet and Dry f &j Data 
Re fdry Re jwet Re fwet 
316 0.01746 318.9 0.1129 323 0.0130 308.1 0.1185 
400 0.01573 424.1 0.09889 431 0.0112 420.5 0.09933 
486 0.01508 520.1 0.09349 513 0.0103 502.3 0.09068 
574 0.01476 578.7 0.08992 582 0.0096 590.3 0.08901 
699 0.08303 731.2 0.08165 
785.4 0.0776 774.3 0.08106 
Table D.16 Coil 5 Wet and Dry f &j Data 
Re fdry Re jwet Re fwet 
373 0.01870 358.4 0.1415 349 0.0144 375.3 0.1438 
468 0.02202 477.8 0.1223 466 0.0133 474.8 0.131 
552 0.02270 592.8 0.1167 573 0.0126 626.9 0.1248 
683 0.01840 645.3 0.1163 657 0.0119 712 0.1203 
798.4 0.1074 834.4 0.1157 
904.4 0.1053 886.8 0.115 
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Table D.17 Coil 6 Wet and Dry f & j Data 
Re Re Re Re fwet 
396.05 0.035493 376.7 0.18 396.075 0.01922 390.4 0.299 
504.725 0.035775 397.1 0.18 492.775 0.01765 488.8 0.2585 
375.15 0.039265 458.5 0.1773 613.875 0.019105 587.8 0.2076 
726.225 0.037478 577.7 0.165 711.075 0.017093 729.7 0.1657 
597.95 0.036133 672.6 0.1544 847.3 0.1451 
754.1 0.1477 992.8 0.1292 
852.5 0.1413 
947.5 0.132 
Table D.18 Coil 7 Wet and Dry f &j Data 
Re fdry Re jwet Re fwet 
411 0.01607 389 0.1003 406 0.0140 417 0.0845 
546 0.01507 567 0.0882 552 0.0127 549 0.0820 
656 0.01420 693 0.0836 683 0.0120 706 0.0784 
789 0.01437 782 0.0819 778 0.0117 829 0.0723 
955 0.0780 958 0.0708 
1072 0.0745 1084 0.0690 
Table D.19 Coil 8 Wet and Dry f &j Data 
Re jdry Re fdry Re jwet Re fwet 
361 0.0252 378 0.1235 343 0.0155 360 0.1719 
483 0.0257 439 0.1196 499 0.0133 396 0.1626 
602 0.0229 509 0.1133 594 0.0129 468 0.1420 
691 0.0224 589 0.1064 689 0.0120 576 0.1301 
659 0.1002 721 0.1215 
742 0.0966 812 0.1085 
852 0.0919 905 0.1016 
932 0.0892 
Table D.20 Coil 9 Wet and Dry f &j Data 
Re Re Re Re fwet 
681.925 0.02133 442.2 0.07512 399.25 0.01986 809.7 0.07534 
586.7 0.02067 541.3 0.06984 538.125 0.016865 921.2 0.07479 
427.525 0.021765 648 0.06598 677.1 0.017325 1041 0.07241 
811.95 0.02033 801.6 0.06053 797.925 0.01573 422 0.08616 
915.5 0.05772 530.6 0.07838 
1061 0.05391 650.6 0.07397 
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Table 0.21 Coil 10 Wet and Dry f &j Data 
Re Re Re Re fwet 
457 0.019633 422.7 0.1037 433.4 0.017198 758.3 0.09699 
588.45 0.018235 522.4 0.1042 545.35 0.016833 824.9 0.08234 
747.475 0.018505 620 0.09708 746.825 0.014133 884.8 0.08129 
880.075 0.01827 749.6 0.09243 865.975 0.014115 
809.9 0.0936 
906.9 0.09023 
979.4 0.09053 
1141 0.08856 
Table 0.22 Coil 11 Wet and Dry f &j Data 
Re jdry Re fwet 
430 0.04164 380.6 0.1134 414 0.0153 389.5 0.1838 
505 0.04273 511.6 0.1197 531 0.0136 538.5 0.1485 
587 0.04483 666 0.1161 644 0.0134 637.7 0.1482 
745 0.04430 760.7 0.1078 741 0.0128 726.5 0.1363 
867.7 0.1144 915.9 0.1125 
934.4 0.1086 990.7 0.109 
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